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·. ABSTR,ACT 
•. I 
A nlllD.ber of methods_have been proposed for the measurement or 
resistivity of semiconductors over the past few years. Most prom-
inent are the microwave, A.C. four-point probe, and D.C. tour-point 
probe method. 
The m.J.crowave metb.od, while excellent from the standpoint that 
\ 
it is fast, non-destructive, and capable of measuring a small section 
•) -
of a sample, suffers from the fact that it is expensive and calibration 
is empirical - a direct reading in ohms-centimeter is not possible . 
without resorting to special curves and calibrations. This type of 
set is presently unsurpassed for profiling silicon slices for radial 
variations of resistivity. 
The A.C. four-point probe measurement, while capable of good 
accuracy, is a time-cons11mj ng procedure and the waveform distortion 
resulting f~om non-ohmic contact to the sample frequently makes a 
good reading impossible to obtain. 
The test to be described here is a D.C. four-point probe 
measurement. While the measurement itself is not new, this paper 
describes the design o.f electronic apparatus capable of providing . 
fast, accurate, and direct readings of resistivity in ohms-centimeter. 
The set consists or a four-point probe, constant current supply, 
-
amplifying system, analog calculator, and digital readout • 
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.·-·· 
.· 1. INTRODUCTION 
The manufacture of semiconductor devices with predictable char- ·· 
acteristics requires that tight control be placed on all processing 
steps. Most important is the resistivity of starting material as 
this parameter affects junbtion depth, capacitance, base width, and 
gain of a completed transistor. In the case of avalanche diodes, it 
. alone controls the · breakdown voltage. 
There is a definite need, then, for a piece of test equipment 
which is capable of accurately and rapidly measuring the resistivity 
of.semiconductor materials in various physical shapes. Such a piece 
of equipment preferably would be capable of accepting dialed-in 
physical constants as a function of sample geometry so that a direct 
reading in ohms-centimeter would be provided. 
Semiconductor processing generally begins with polycrystalline 
material which is grown into rod-shaped crystals called ingots. 
Slices which are cut from these crystals are lapped, polished, and 
processed into semiconductor devices. Resistivity measurements are 
_made at the ingot stage to eliminate material which is out of the 
desired range, thus avoiding costly processing of unusable material.~ 
After slices are cut, they are lapped, and resistivity is again 
measured as a double check. Lapping and polishing operations are 
such that slice identity cannot be maintained and in some cases the 
resistivity is again measured on polished slices so that with this 
in.formation the diffusion times and.temperatures may be adjusted to 
compensate for various values 0£ slice resistivity. 
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. · 2. VARIOUS METHODS OF RESISTIVITY MEASUREMENT 
.. 2.1 D.C •. Method) 
This is the simplest and most basic method of measuring the 
· resistivity of semiconductor materials. It consisl;s of passing a 
· D.C. current through the sample and measuring an incremental voltage 
drop at an appropriate position. _Typically, contacts are made to 
the sample by means of a ·four-point probe as shown in Figure 1. 
The advantage of this measurement lies in the relative sim-
• 0 
plicity of the setup. The current can be provided by a constant 
cur~ent supply - such equipment being available, and the voltage can 
be measured with a potentiometer and null detector or any other high 
impedance, voltage measuring equipment. The relationship between the 
voltage at the middle probes, current, sample geometry, and resistivity 
is predictable and non-complicated.1, 2,3 It is very easy, therefore, 
to obtain a direct reading by programming the gain of amplifying 
systems which are connected to the voltage probes. 
There are some difficulties, however, which arise when using the 
D.C. method and most of them are associated with the contacts to the 
sample. Point pressure contacts made to the surface of selliiconductor 
materials generally exhibit large non-linear contact resistances. 
Noise is generated and voltages appear across the voltage probes even 
. when the current applied to the sample is zero. These voltages are not 
· piezoelectric, as silicon is not bi-polar, and one would not expect them 
. . . I 
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'I 
to be therIDal since both points are made of the same material and . 
are so closely spaced there ar~ practically no temperature differ-
ences. These voltages, however, do exist and must be taken:into 
account. They can be compensated for by an appropriate D.C. offset 
oircui t or by making two readings; one of them taken with all pro bes 
reversed, and averaging. The effect of noise can be e1iminated by, 
using a large enough current so that the voltage signal is "\,Yell above 
the noise level., The effect of contact resistance can be minimized 
If by using a high impedance voltage measuring system. 
A· disadvantage of any method using probes is damage which may 
.Ii result when contact is made with the sample. Generally, the small 
indentations made on in-process material a_re of no concern and, where 
polished slices are to be measured, the unpolished side is used. 
2.2 A.C. Method 
This method makes use of practically the same con£iguration as 
the D.O. method, the basic difference being that an A.O. current is 
applied to the sample rather than a D.C. current and an appropriate 
A.C. voltage is measured at the voltage probes. This method has been 
used to eliminate some of the problems of the D.C. method.4 The 
voltage probes ~e capacitively coupled to the A.C. measuring system, 
eliminating D.C. drift and error voltages. In practice, ·this technique 
does not result in the expected performance due prima.'rily to the fact 
that ,the contacts to the silicon are highly non-linear and severe 
waveform distortion can, and usually does, occur. To avoid the 
... : 
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necessity of measuring accurately. A.C. voltages, such A.-:Q. test se.ts 
usually null .the voltage with a comparison source using an oscilliscope 
or a frequency sensitive voltmeter. · · Because of the waveform distortion 
which is present, a perfect null is difficult to obtain.~ An additional 
problem which arises results from various stray capacitances in leads 
J ' ,~' 
i 
and probe assemblies. Although the A.C. test set can be UBed as an 
accurate measurement·instrument, it generally is very tedious and time 
consuming to operate and is not nearly as satisfactory: as the D.C. 
method. ' ., . 
2.3 Microwave Method 
There are at least two ways to obtain the resistivity of semi-
conductor materials using microwaves.5 One would be to pass microwave 
energy through thin samples and measure the transmission loss. Another 
:.., ,l 
would be to make use of high Q cavity, one wall of which is the sample . .. \ 
material. By again measuring the transmission loss· through the cavity, 
the resistivity of the ma_terial can be obtained. The microwave technique 
has a number of advantages. It is relatively fa~t since samples can 
· be rapidly placed in and out or the fixturing. It is contactless and 
there is no possibility for probe damage to the material such as e~sts 
in the other techniques. In addition, the microwave technique can be 
made such that it samples a very small area of the specimen; thus, 
profile or variation studies can be easily made without having to contend 
with edge effects or correction factors when measurements are being made 
close to the edge of a sample. Such a piece of test equipment has 
' . I 
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(6) 
been in use for a number of years in the Western Electric Company 
. and in spite of the many advantages there are_ some very severe . . ·1 
' I 
disadvanta1ges. First, the system contains ·a klystron and associ,ted 
power supply. The klystron itself is rather short .lived and the 
power supply, because of its' complexity, is a constant maintenance 
problem. In addition, the attenuation as a function of resistivity 
is highly non-linear and is not easily ·calculated since all of the 
variables that exist in the system are not known. A direct reading 
in ohms-centimeter is practically impossible as it would require 
non-linear potentiometers which would degrade accuracy. And lastly, 
although a sample can be placed in the microwave test set rapidlyJ. the 
total time to take a measurement is long because the set- is not direct 
reading. 
2 .• 4 Comparison of the Various Methods 
The microwave technique has some very serious disadvantages which 
are most difficult to overcome. The biggest single disadvantage is 
the .fact that the microwave method cannot easily be made direct reading 
and it is there!'ore not particularly .fast. Considering the A~C. and 
D.C. methods, the D.C. method appears to be the most desirable. 
Although there.are some difficulties encountered with contact noise 
and error voltages, these problems a~e not nearly a~ great as those 
which occur with the A.O. method. Since both the A.G. and the D.C. 
methods make use of four-point probes or other probe types, it is a 
four-terminal measurement and the voltage measuring system must be 
. \ 
•, 
isolated from the current supply. It is rather simple to isolate 
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either the current system from ground or the voltage measuring system 
from ground for D. C. measurements. This is not ·so, however, for A.O. 
.. 
measurements because of stray capacitance. What is generally used is 
an A.C. differential amplifier. Using such an amplifier, there are 
problems with stray pickup and common mode rejection over and above . 
• the difficulties arising from nonsymmetrical waveforms. The D.C. 
method, therefore, has been selected as the :mo~~irable te~hnique. 
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3. . RESISTIVITY MEASUREMENTS -... 
•· 
·. Ir 
. '. 
. 3, 1 · Pro be Configurations ,, 
As ~s indicated previously, D.O. resistivity measurements consist 
f/ 
/ 
. 
0£ pas~!ng a current through a sample and measuring an incrementai 
/ 
<' 
voltage drop at an appropriate position. There are a number of 
·contact arrangements which can be used and three of the most pop11J ar 
are as follows: 
.3. 11 Four-Point Pro be 
. . 
Figure 1 shows a setup using the tour-point probe. The probe 
consists of four points equally spaced in a linear (irray. These probes. 
are available commercially_ from a number of manufacturers - the most 
popular being the probe available from the Fell Company in England. 
The contact material can either be osmium or silicon carbide. Where 
the lowest possible contact resistance is desired, osmium is generally 
•
1 
superior to the silicon carbide but does not wear nearly as well. 
The four-point probe can be used on bulk samples or on· slices of 
semiconductor material. With bulk samples that are large compared to 
the probe- spacing, the resistivity can be obta~ned from the following 
, relation.1,2 .. , ., 
P=!.21Cs I ( 1) 
Where thin samples are to be measured, a correction nn1st be made 
for the slice geometry and the following is used.2,3 
., . 
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where p·= resistivity in ohm-cm 
., 
. \ 
.!... 
j 
,I 
V - voltage at middle probes 
,, . 
I - applied curr~nt in· amperes 
T - ·sample thickness in centimeters -
S = probe spacing in centimeters 
C = correction factor 
. · I 
I 
\' 
Correction factors £or various geometries are ~!V8,ilable from the 
references cited. For circular thin samples, the information is 
tabulated in the National Bureau of Standards Technical Note Number 
199 by L. J. Swartzendruber. 
3.12 Two-Point Probe 
• 
This configuration is used when the sample to be measured is a 
bar or rod whose cross-sectional area can be readily determined. 
Current is passed through the sample using contacts at the ends and 
' \. 
·. \ 
. \.' 
-· I 
a voltage is measured between two probes which contact the surface of 
the sample as shown in Figure 2. Resistivity is calculated from the 
following: 
where 
P= ! 
I 
A-
• -s (.3) 
p = re~istivity in ohm-cm 
V = voltage at probes 
.I = applied current in amperes 
A = cross-sectional area in square centimeters 
S = probe spacing in centimeters 
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).13 Van der Pauw Probe· 
This con.figuration is useful for small, thin wafers of material. 
Contacts are made to the outer periphery of the sample.as shown· in 
Figure 3. The current is passed through two adjacent contacts and ; . 
the voltage ·is measured through the remaining contacts. Resistivity, 
is calculated from the following relationP for circ12lar -discs of 
diameter d. 
3.2 Circuit Configurations 
3.21 Basic Circuit 
I'= 1C d 
Ln2 
.v 
-I 
(4) 
Figure 4 shows a typical four~point probe setup with the equivalent 
~ontact impedances shown. The possible sources of error which result 
from leakage resistance (R1 ) between the voltage measuring and current 
measuring system are also evident. Because there are voltage drops 
existing at both current points, the entire sample is above ground by 
some voltage Vs if either terminal of the constant current supply is 
grounded. It is possible to have the constant current supply float ~ 
... 
I 
\ 
have the voltage measuring system grounded but in either case, there 
! 
. 
are sources for common mode error when the floating system has leakage 
resistance to ground. 
The input resistance or the voltage measuring system also causes 
voltage drops across the contact impedances as does the leakage res~s- · 
tance R1• Since the voltage contacts rarely have the same value of 
_ resistance, the leakage to ground can cause large errors ev~n it 
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3.22 Constant-Current Configuration 
This configura"liion is one where the current is supplied by a 
• j 
precision, constant-current supply and the voltage is measured with 
1 
a high input impedance amplifier followed by a digital voltmeter·. 
·., i~··.f· . 
' ~ .. · ' -i '-i- ·A point of interest here would be the tYPe of digital voitmeter 
used for this application. Because stray piQ.lrup is always possible, . 
--' and because there is always 60 cycle A.C. around, j.t ·would be 
t' ,,':' 
desirable to use a voltmeter which could reject this pickup. Such 
I 
I 
a voltmeter is one of the integrating type. By using a one second 
sample period, for instance, any £requency which is a complete number 
of cycles every second has an infinite rejection ratio. The worst 
~ffender would be the 60 cycle noise and it is entirely eliminated. 
The only disadvantage or this type of instrument is the relatively 
·slow measurement time of one second but in this case the one second 
is certainly not objectionable. Integrating voltmeters can be 
purchased which are of the voltage-to-frequency conversion type in 
which the voltage is converted to a train of pulses whose repetition 
rate is proportional to ·the magnitude of input voltage. The total 
.. number of pulses over a time period is proportional to the average 
voltage during that time. The input converter section can be 
totally isolated from the remainder of the instrument and be coupled 
only by light beams so it is possible to have extremely high values 
of leakage resistance to groundo In the beginnjng, it was intended 
to make use of this high leakage resistance by grounding the constant-
current supply and having this voltage measuring instrument float 
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above ground. Difficulty was encot,mtered, however, with a purchased 
instrument with finite values of leakage resistance and since the 
system performance is entirely dependent on the leakage resistance 
of commercial equipment (which is not ~asily controlled), it was 
decided to ground the v~ltage measuring system and float the constan~ 
current supply. 
3.23 Ratiometer Approach 
' 
- ' 1 
Figure 5 shows still another.possible configuration for D.C. 
measurements. Here, instead of a digital voltmeter, an integrating 
digital ratiometer is used. This circuit makes an accurate current 
entirely urinecessary because the-ratiometer samples a denominator 
voltage which is proportional to the applied current. The algebra 
is as .follows: 
p "I: 
V = CT (5) 
PI/CT·· /' Ratiometer Reading= IR- ·= 
_1' CTR8 
where p - resistivity in ohm-cm 
,, 
I - applied current in amperes ._.• .. , -
' C - correction factor 
-
. 
RS= sensing resistanc·e in ohms 
\ 
·/ 
' . I T - sample thickness in centimeters -
'· 
This configuration works well, but again the performance is dependent 
on the manufacturer of the ratiometer and if difficulty is encountered 
with leakage resistance between the numerator and the denominator 
inputs of the instrument it will be impossible to obtain accurate 
. measurements. · 
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3.3 Practical Considerations and Difficulties 
3.31 .. Probe Characteristics, 
It is desirable to have as low as possible a contact resistance 
between the probe and the specimen~ Contact resistance is a function 
of the pressure per 11nit area. By using a very small radius and· a 
,. 
relatively light pressure, a low contact resistance can be obtained, 
but some cu&age to the sample can occur. A larger ;adius of' QUNature 
·,. 
with a higher pressure can be used but if the radius becomes too large 
an accurate point spacing cannot be obtained. The Fell Company 
determined that a radius 0£ curvature of approximately 0.6 mil and a 
. j' . . pressure of 200 grams per point results in a reasonable contact _resist- . 
ance, good spacing accuracy, and miniDDJrn damage. The contact resistance 
can also be af'£ected by the type of surface to which contact is made • 
. The same resistance will not be encountered, for example, if resistivity 
measurements are ma.de on polished surfaces, lapped surfaces, or etched 
surfaces. If the sample to be measured is allowed to remain in air 
for some time after processing, an oxide can form which can also affect. 
·_ the contact resistance. 
Another probe characteristic which can very often cause 
· diff'icul ty is the non-linearity of the contact resistance. It is 
possible, for example, to measure entirely different values of 
contact resistance with the different directions of current flow 
and, in fact~ the point contacts behave very much like diodes with 
very low.contact resistance at the forward biased poi~t and a higher 
~ resistance at the reverse biased point. This effect causes relatively 
. ' 
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' : ·1 
· large voltage drops.between the current probes which can result 
in excessive power dissipation, heating, and.therefore measurement 
error. And, as mentioned before, difficulty if there exists any 
.. 
leakage resistance between the current probes and the voltage 
• ! • 
probes or from the current supply to ground. 
3.32 Sources of Error ·---, . .!· 
The largest source of error is the high contact resistance 
. , 
at the voltage measuring probes in combination with previously men-
tioned leakage resistances. Since this resistance can be relatively 
high, ~tis important that an amplifying system be used which has an 
extremely high input impedanc~. It is easy to obtain a highly 
I 
accurate constant-current source and very accurate amplifiers and 
digital voltmeters. Although these are all sources of error, they 
; 
are not generally considered to be as dif£icult as the input impedance 
problem •. Sources of error which wouild result from noise can 
practically be eliminated by using the integrating digital volt-
meter _and, if necessary, some form of filtering. 
3.33 Input .Amplifier 
The heart 0£ the resistivity measuring system is the input 
ampli.fier. After examining a number of commercially available·ampll-
fiers, it soon became obvious that.-input impedance was not an 
entirely descriptive speci.ficati~µ. Amplifiers, for instance, which 
~d specified input impedances greater than 1,000 megohms could not 
measure 1 volt from a source resistance larger than 10,000 ohms 
without significant er!g~~' This is not too difficult to understand 
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it consideration is given to the type of circuitry which is often 
used. If the amplifier is of a chopper input type using an input 
transformer, one DD1st supply the magnetizing current. This system, 
therefore, has a mininn1m input current which must be supplied and · 
the ;input impedance, which is apparent looking at the input, is a 
" .. )- ,· 
function of the applied· voltage. At small voltages in the microvolt _ 
· region, the effective input impedance can be quite low. 
Operational amplifiers which use a differential pair of 
' 
transistors as their input also requires a minin01m input current. 
' There is a resistive component, but the base current at the input 
is the more important parameter because this current is the sam, "--) 
regardless of the input voltage, and with small voltages the 
apparent impedance is not nearly high enough for this type of 
measurement. An MOS field effect transistor input pair is better 
than a bi-polar pair but the drift is too large. 
There is another type of amplifier which has proven to be-most 
successful £or this application. It is the parametric type, where 
the input circuit consists of a diode - capacitance bridge excited 
with a high frequency oscillator. The input signal is applied 
across· one of the diodes and will unbalance the bridge causing an 
output voltage to exist. In this type of an amplifier, the input 
current Jssdetermined solely by the diode across the input terminals. 
By selecting diodes, it is possible to obtain typical input currents 
-. . 
of 10-13 amperes. Voltage· drifts can also be quite small and it is 
possible to obtain something on the order of 10 microvolts.or less 
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-1..;' ,, 
· l)8r degree centigrade. By temperature controlling the amplifier, 
drift can be reduced to 1 microvolt per degree centigrade. 
A better input amplifier from an input current standpoint 
would be an electrometer. Unf'ort11na tely, the voltage levels 
·generally measured are on the order of 1 to 1 0 millivolts which 
u 
. ' 
. is on the order or the drift usually encountered with these 
instruments. The lowe.st drift· electrometers are of the vibrating 
reed type. These may be used to measure samples of 100 ohms-
centimeter or higher only, since, in this case, voltages of 100 
or more millivolts are usually encountered. Typical input currents 
r ''~ • 
I . 
with vibrating reed electrometers can be as low as 10-15 to 10-16 amperes. 
The amplifier chosen for this equipment was a Philbrick Model 
SP2A which is an operational amplifier of the parametric type. 
Typical input currents are on the order of 1013 amperes and voltage 
drifts are 5 microvolts or less per degree centigrade. This amplifier 
has been found to be entirely satisfactory for resistivity ranges from 
0.001 ohms-centimeter up to 100 ohms-centimeter. Above this, the 
contact resistance becomes so high that even lower input currents are 
necessary and here the electrometer amplifier would best be used. 
If it were necessary to measure resistivities below 0.01 ohm-centimeter' 
frequently, where the drift of the SP2A amplifier might be troublesome, 
lower drifts could be obtained by using the Philbrick SP656 chopper-
stabilized amplifier. While this system has considerably less drift. 
than the parametr·c amplifier, the input currents are not nearly as 
low • . Typically, c rents of 10-9 amperes and drifts of 0.5 lldycro-
. ' .= . 
volts per degre~entigrade can be obtained. ,) ' '',: ,_, ' ' ~ . 
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4. COMPLETE CIRCUIT D~CRIPTION . . .. 
4.1. General Descriptions 
After considering/tne possibilities availl!l,ble, .it was finally 
decided to use a precision constant-current supply along with a 
buffer amplifier, two high-accuracy variable-gain amplifiers and a 
digital voltmeter. It was also decided to float the constant-current 
supply rather than the voltage measuring system to avoid leakage 
resistance. The entire voltage measuring system could be floated 
as inconvenient as it may be, but, it would be possible that at some 
time in the future a printer would be added to the system and it 
would also have to be floated. With the voltage measuring system 
grounded, however, the constant-current supply.eis the only piece of 
equipment that has to be isolated. This supply is not difficult to 
build and in so doing, extremely large values of leakage resistance 
can be obtained. The value of leakage resistance actually obtained 
with the constant-current supply designed and built for this test set 
·was 1mmeasurable with the equipment available was but definitely in 
excess of ten million megohms. 
'•, C 
The operation of the constant-current supply can be explained .by 
referring to the functional diagram shown in Figure 6. The components 
' ' 
are an operational amplifier, floating reference supp+y, load resistance, · 
and a current-sensing resistance. · Consider that at some "time zero" 
the operational amplifier is active and the reference supply is 
·1mroediately connected as shown. At this instant, a negative voltage 
;: : '' 
. I . 
•' • • • · ·-· .,... ·--,,, •. ••-~ •... ,.,.,. "1••:-·,.--. ..... n . ..,.,.." _ __,,.~--,--~~~· , .... ' • • • ~ •·- • •· • ~ • ·~·-···r· ~>······ "'-·····--,-•· · ·· • · · · ···- -· .. .,-,•-,· . ., ,, .•.... ,,.. .. ~- ,-o 
' ' 
-•"•• "•_,_. "o>L•-•~ -· r - ,•--
I I . 
I 
I 
! 
i . 
: 
' ' I 
I 
I 
' I 
l 
l ! -. 
J j,,. 
)· 
I 
t ,. 
f 
I 
i 
I 
___ J 
• 
~ •. _ ... 
fl . 
~ J' 
.I 
I 
•It I 
. i,, 
. (1'8). 
·appears at the summing point of the amplifier causing a tendency 
for an extremely large positive amplifier output. This positive 
output flows through the load resistance and the sensing resistance 
to common. At such time as the current flowing through the sensing 
resistor develops a voltage equal to the reference voltage, the 
.summjng point is essentially at zero potential. At this point, 
the system is at equilibrium and a voltage is maintained across 
the sensing resistor equal to the reference voltage. By using a 
sufficiently high-gain operational amplifier with low input offset 
current and offset voltage and low drifts; and by using a stable 
precision reference source and precision resistor for sensing, the 
accllracy of this circuit can be better than .01%. Current can be 
maintained at a range of load resistance limited only by the 
available voltage swing of the operational amplifier. The actual 
circuit, of course, is not so simple. Consider for instance what 
would happen if the constant-current supply were open-circuited or 
the load resistance became infinite. ~n this condition, the 
reference· power supply would be effectively connected directly to 
the s11mmjng point and the amplifier would saturate with a positive 
output. If then, in the saturated condition, a load were placed on 
· ·.· the output terminals, an extremely high current would flow limj ted 
.• I ·. . ' 
-
. only by the value of the load and the saturation output of the 
• 
amplifier. This condition,would persist until the amplifier 
recovered, if it were not damaged by the overload. The practical 
circuit then takes these and· other situations into account. 
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Figure 7 is a functional diagram of the amplifying and 
calculating system. The buffer amplifier is an SP2A ~onnected in 
a .follower configuration. This amplifier provides an extremely 
high input impedance and low input current. It is followed by 
two variable gain amplifiers and a digital voltmeter. The 
application considered here is one where thin slices are t~ be 
measured with a four-point probe. The pertinent relation is 
equation (1). The values of gain of the amplifiers K1 and K2 are 
chosen such that the reading on the digital voltmeter is numerically 
identical to the value of resistivity. The only difference will be 
the location of the decimal point. Rewriting the equation for the 
digital voltmeter reading in terms of the values of resistance 
(~ R2 R3 R4 in Figure 7) which control ·the gain of the amplifiers 
one obtains: 
·' Read~ng = · ·l! . ~ . ~ (6) 
CT R.-i R3 
Now by choosing the value of R2 to be numerically equal to c, the I 
'~ I 
· correction factor, and R4 to. be the imit value of the slice thickness, 
T, in mils, and finally, by making the prQduct of R_, and tha factor of 
2.54 (the conversion from centimeters to inches) equal to unity, the 
\ 
11ni t value of the digital voltmeter reading is identically equal to 
\ 
I' for currents of 11nit value. If one would desire to choose other 
currents, the value of R, would be selected· to be ·the same unit value 
as the,c"Q.rrent. · A tlJ)ical value for the correction factor would be 
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This is the value for·a 1 inch diamete~ slice and a probe 
. ' . 
· spacing of 50 mils • The value of R2 for this correction factor would " . 
be·4.4364K and the gain of the first amplifier would be 4.4364. 
-Typical slice thicknesses range from 4 mils up to 20 mils. For 
a 10 mil slice, the value for R4 would be 10K. The gain of the 
. 
second amplifier then would be roughly 2-1/2,.- the total gain of 
• J 
the amplifying system being approximately 12.5. · The currents used 
. in this equipment range from 10 microamperes to 100 milliamperes •.. 
The upper current range is limjted to 100 milliamperes because above 
this, serious heating of the sample occurs. Typical voltages that 
would appear at the voltage probes would range from 100 microvolts 
for resistivities of .001 ohm-centimeter and could be as high as 
100 millivolts for 100 ohm-centimeter samples. Although it is 
desirable to have voltages at these probes between one and ten 
.millivolts, in the case of extremely low resistivities, currents 
_;,-
of one ampere or more would be necessary. At the higher resistivity 
ranges, if the current is too high, excessive carrier injection 
will cause conductivity modulation ihf the sample. After applying 
the proper current, decimal point location is a simple matter and 
it would be accomplished by obtaining a signal from the constant-
current supply for each decade range. Typically, the highest 
current range would be used for samples up to .01 ohm-centimeter. 
The lower currents would be selected to provide a sufficient, but 
not too large, r~ading on the digital voltmeter •. Normally, the 
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operator, having an 1mknown sampJ.e, would start with the lowest 
possible current and successively increase it by a factor of 10 
until a su.f.fioiently large :signal.is obtained. 
. 4.2 Constant-current Supply 
•·"",,,, 
. 
The complete schematic diagram is shown in Figure 8. At the 
left side of the page is the main isolation transformer. This 11ni t 
has the secondary wound close to the core with an electrostatic 
shield entirely enclosing the winding. The core is mounted 
directly on the main chassis of .the constant-current supply and thi~ 
.,. 
chassis is mounted on teflon standof'fs1about 2" high to isolate it . \ 
from the cabinet. The primary of the transformer is also enclosed 
in an electrostatic shield and is wound such that there is an air 
gap of' 1/i of an -inch all the way around the winding and shield. 
The winding is supported by teflon tubing. The combination of the 
floating chassis and isolated transformer results in an extremely 
high leakage resistance between this supply and ground. The 
transformer powers three DC power supplies: two provide the positive .. 
and negative 120 volts needed for the operational amplifiers, the 
third is a higher current version which s·upplies the output stage 
and provides current to the load. T2 is another air-isolated 
transformer for, the floating reference supply. The ref'erence supply 
consists of a power supply with an output of 38 volts DC supplying 
a passive precision regulator. The output of this regulator can 
· .•. be any voltage from 11 to 12 vol ts depending on the particular i · 
I , .. . . , 
·1· • • ··-··- .. ·~·--, ~·---- ·• • w-· .. ., ••. _,_., 1"lJ-._,. ·.•·. ·-.• -,,,·n _,..-.. ~-~-- • ·· '· · 
••••,••~ov,-•R••,•~, •• -....--,~-•••'"""'-•"'·"'---•-·•>·•--•-·-•••Y-••.~-·•-•••--•- ... -.-,-~ .. ·-- -.,, .. ·;, -·· ,.,-- ,->--~.- ,· > '.,.,,~ •• :.,.~,·.·. ,,:,":+.~-~· .. . --c::::J--=;., --D. = -----· ---. --:._-····;::;·-:_···_~~-·-•·-.,.==-----:;.:::_,-'---·-=..:-:.__:~-_.,._ ___ ---- ...,_ 
' ~ 
·'1 
i . 
' ,. 
' . ) 
i . 
I 
! 
l 
I 
I 
I 
! 
I . 
I 
' I. 
i 
\ 
I 
i 
! 
·i" 
I I . 
i 
I 
J 
I 
I 
I 
I , 
I'-. 
l 
i 
l 
I 
i 
! 
i 
i 
I 
r 
! 
i . 
3 
I ! . 
r 
i 
i 
I 
,. . 
f 
. . 
'r ,j :'-.:-. 
[/. 
I. 
I ., ':·' 
I 1; 
!',-,:' 
I .. 
I. ' 
,,, 
~: 
,. "" 0 
. ~ 
. :.. L . 
. .\ 
r 
... 
\ 
: (2~) 
' .. : 
components used in manufacture. The stability,.; however, is 
extremely good and is better than .0005%. To maintain this 
! 
stability, a specified value of load resistance must be used to-
termina te the output. Since the output is not an · even 10 vol ts, 
;·· : ·. 
a divider is needed so that precisely 10 volts can be obtained 
' ~ ' . ' 
by adjustment. A passive regulator was used in combination with ·M 
a low ripple power supply in order to obtain an extremely low 
ripple from the reference supply. If any ripple were present, 
it would be fed directly into the summing point of the operational 
amplifier and would be cancelled only by ripple currents flowing 
through the load. Because the noise or ripple could be high 
frequency, phase shifts could cause high currents to flow in the 
load resulting in noise voltages between the slice and ground. The 
reference supply has in series with it a 10,000 ohm resistor for 
protection of the operational amplifier. The input currents are 
-
extremely_ low with this particular amplifier and the value of 10, 000 
ohms will not cause measurable error. The operational amplifier, a 
Fairchild Model A007, has a voltage drift referred to the input. 0£ __ 
less than 1 microvolt per degree C; ,a noise of about the same order 
of magnitude and an output voltage capability of± 100 -volts. +h,ere 
· .are generally a number of ground connections used with precision 
high gain operational amplifiers and in the case of this unit there 
is a power supply ground and a high quality chopper reference or 
measurement ground. · In order to avoid groUnd loops, the power 
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supply ground is separated from the measurement ground. In 
' this schematic, the power supply ground is returned to the 
common terminal of the power supplies and the measurement ground . 
is brought to the lower end or the reference resistors. The 
100 ohm reference resistor R23 is a four terminal unit. Because 
it senses the 100 milliampere current, it is· possible that contact 
resistances at the terminals could cause errors and for these 
reasons there is an extra set 0£ wires brought out for the sensing 
_.,-----~---.-
of the voltage. On the other current ranges, these extra 
terminals are not necessary, but the ground connection can remain 
where it is since the resistance between that point and the actual 
ground for the rest of the system is sufficiently low on these 
ranges so as not to result in errors. The remainder of the 
' resistors are used to select the lower current ,ranges. A separate 
~ t ·"' 
switch deck is used for the current path and the reference path to 
the sensing resistors. This is done to avoid errors due to vo1ltage 
drops at the cmntacts. Fa.ch current range also has·a selected 
series resistor for transient suppression. The switch used is a · 
. break-before-make configuration and R15 serves the purpose of 
joining the output directly to the reference supply in between 
'.' · ·. switch positions • This prevents w~undesira ble tran~ients when the 
next current range is selected. 
.\) . Since a,chopper-stabilized amplifier is subject to overload, 
. some form of protection must be provided. If the constant-current 
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supply is ·open-circuited by removing the load, the output or the 
amplifier tends to sat:irate at a voltage limited by the compliant 
voltage of the system. At saturation, an input signal still 
.. 
exists and will serve to charge the capacitor associated with the 
reference chopper. By placing a zener diode between the output 
and·the input·terminal, this charging current can be lim;ted. 
When the system is open circuited, the output voltage of the 
amplifier rises until breakdown of the zener diode is reached. 
J.,' 
At this point, except for the fixed voltage drop of the diode, the 
output of the amplifier is clamped to the input and the amplifier 
remains active. As long as the value of the breakdown voltage is 
greater than the maximum desired output voltage, it has little 
affect on the system performance. Zener diodes, however, do have 
reverse leakage currents which would cause serious error as 
~ they were not compensated •. Resistor Rg shunts the "output" , 
side of the zener diode to ground and thus with norinal leakage 
currents the voltage at this point is very small. This voltage 
is further dropped by two parallel diodes.·~ bypasses the 
"output" of th~se diodes to the high quality ground. It is 
highly unlikely, then, that at the junction between the two sets 
of diodes there would be any voltage due to zener diode leakage.· 
Another set of diodes isolates the "center" pofnt o:f the diodes from 
the s1l1Jl1Dj-ng point so that the 1 • 5K ohm resistor will not load the 
input of the amplifier. Diodes n3 and n4 shunt the input of the 
amplifier to limit the possible input voltage to abou~ .6 volts • 
• I • 
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The amplifier has extremely high gS.in (On the order ot 108) and 
input voltages need be no larger than a microvolt to cause f'ull 
output. · The output o:f the amplifier is protected with a 1 K ohm 
resistor R4 and a fuse. Capa~itor c2 is placed in parallel with · 
resistor R4 to avoid any high frequency phase s~fts that rDB.Y 
cause instability as a result of the input capacitance of the 
following stage. Q1 and Q2 are cascadedi emitter followers to 
provide sufficient current gain and power dissipation to supply 
the load. Capacitor c1 is placed from the output to the input or 
the operational amplifier to reduce the gain of the system at 
high frequencies so· that instability will not occur. Capacitor 
) 
C.3 serves to tie the two power supplies together fo.r high frequencies 
to avoid instability. The remianing components are justified by 
considering that the available voltage from this power supply is 
80 volts, the breakdown voltage of the ~ener diode n7 • At the 
low currents, ·the power available at the load with 80 volts is small 
enought so as not to cause sample heating. On the 166 milliampere 
range, however, 80 volts could result in 8 watts of dissipated 
power in th~load. The high voltages are necessary on th~ 
lower current ranges because the resisti vi ties measured with · these _ 
..: 
currents exhibit high values of contact resistance. On the 
highest current range, however, the supply must be power limited. 
The resistors R26 and R27 provide ·this £unction by limjting voltage 
cc,mpliance of the supply to 30 vol ts on the 1 00 milliampere range. 
. \ . 
' ',-. 
I . . . . 
,;·.· ,. 
. ·• 
,' /.' :_ I, > ,-
' ·, . ' . 
.... "..".. . 
'' , ... " ' 
,'· I • ' ,.·. /"'" _·,. 
. ' . ~ - ' . . :, I . '- :, -: . . . 
;' ·,· '.' •··.·:. :~ . -•-•,, .," :· .• , ,·•~ , ·.,,(1,·,,;_\·~'l':\ ,.'·.·.·- ,'.,, .• .,;;,-·.·. !-·•,_..-,, ,'··· -, .. -, '>,; ;,( .. ·,,.4,'"·,·,,.%, .... , •• ._ ••• ~,..- '-·-·-•-.,~~ --·~--•·-.-- .. •-·u,c,"u·-'•·•-.. ,.,~-"'r-r-.,~u-~•i-¢-,·- ·•<~. ~·<,.~r .• ,.,,,.,_ •--•" ·-•--· , · I . 
. I . . 
i I . 
. ! . 
1 ·. I . V· , 
' 
' .. 
L 
I 
i 
! 
I { '.". 
' 
; I 
' .• 
~ I ' ' 
' . 
I 
i ! . 
. . ! 
\ ' 
(26), \ •... 
~,·' ' ; .. 
.,,, ... 
rA neon bulb is connected through a ··current limiting resistor to I . 
the emitter of transistor Q2 to.serve as an indication of either 
an open circuit condition or a contact re~istance which results 
in too large of a value of contact voltage drop. 
4 • .3 Analog Calculator 
'l ''·'t • The calculator schema.tic diagram is shown in Figure 9. The 
entire ainplifier system is grounded and powered with an isolation 
transformer which eliminates noise from the power line. There are 
two DC supplies for powering the operational amplifiers. One supply 
is used for the input amplifier while the other is used for the two 
calculator amplifiers. At the upper left hand cor~er of the 
schematic is the input amplifier. This amplifier, being of the 
parametric type, uses an oscillator for the diode bridge which 
operates in the vicinity of 5 megaherz. This high frequency voltage 
can be carried to the voltage probes and be rectified, causing 
. 
voltage errors. The purpose of c6, c7, L1 and R28 is to filter 
out any 5 megacycle voltage which may come from the input terminal. 
C6 and c7 are specially-~elected, extremely low leakage teflon 
dielectric capacitors. These 11ni ts measure in excess of 1 million 
megohms leakage resistance. 12 and c9 are used to prevent any 5 
megacycle signal from being passed further through the system. 
Since there are some very minute leakage currents in the input 
· terminals of the _input amplifier, ~8 and ~9 balance the input.· 
This condition can be met as long as the contact resistance at the 
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the probes is much less· than 10K ohms. This configuration 
cannot compensate, however, for offset errors which might 
result from higher values of contact resistance. If high 
values are frequently encountered, a current injection system 
could be employed at the input terminals. This was not considered 
to be necessary for the present application. Capacitor Cg serves 
to bypass ~ 9 and thus reduce high frequency noise. Swi toh s2 
provides different values of resistance for slice measurements and 
b11J k sample measurements. The "bulk" setting provides 10 times as 
mu.ch gain as the "slice" setting because the probe voltages are 
smaller for bulk samples. Resistors R.34 and R_J5 permit zero off~et 
. adjustment of first calculator amplifier. Resistor R39 provides 
the conversion factor from inches to centimeters. The second 
operational amplifier is essentially the same configuration as the 
. ' first, with R44 and R45 being used for zero offset adjustment and 
R4.3 and the decade resistor used to change the feedback for "bulk" 
and "slices". The two calculator amplifiers are chopper-a ta bilized, 
low-drift, high-gain amplifiers. Resistors R41 , R42, \o' R:36' ~7' 
and R3s are selected to balance the input current to the first 
calculator amplifier. The gain of this amplifier depends on 
whether the system is selected for slice or bulk measurements and 
- either R41 or R42 is sele~ted so that, for a given s~tting of ~ 7, 
the same effective offset voltage is injected into this amplifier 
when the switch s2 is indexed •. Resistor R37 may. be adjus~ed by 
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.! - the operator to zero the output for zero applied current. Capacitors 
c10 and c12 are used to- reduce the gain of these two amplifiers at 
high frequencies because instability was experienced due to stray 
load capacitance. 
.·· - ,,, 
L, 4.4 Digital Voltmeter 
The voltmeter used in this test set is a Non-Linear Systems 
Model 2917. This instrument is a voltage-to-frequency-converter 
type, integrating voltmeter capable of good noise rejection at 
frequencies as high as 100 KHz. Three integrating periods are 
available from .01 to 1 second depending on how much noise 
rejection and resolution is needed. The instrument has greatly 
helped the measurement because it measures the average voltage over 
the integrating period • 
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5. DISCUSSION AND CONCLUSIONS 
The test set has been constructed and after four months of '>\ . .. ..,. - -
continuous operation no difficulties h~ve been encountered. Repeated 
checks during this period have to,md the equipment to be electrically 
accurate to .1% with a 10 mv signal incfuding the cumulative error 
of the digital voltmeter, constant-current supply, and amplifiers. 
The ~only adjustment made was setting the 8 zero" control. The volt-
meter is accurate· and stable. The constant:reurrent supply depends 
on the reference supply, amplifier, and precision resistors for its. 
accuracy and stability. The reference supply is stable to .005%, 
the resistors are .O!J.L% units and the amplifier should have a total 
drif't in its environment of less than twenty microvolts (.0002% 
error). d Error due to the finite gain of the amplifier is determined 
by considering the input signal needed for the largest.output. One 
hundred vol ts output with a gain of 106 requires an input of 1 00 
mv which, compared to 10 volts, is .0001%. The constant-current 
supply is, therefore, inherently accurate and stable. The 
largest source of error is the amplifying system and in particular, 
the voltage drift of the amplifiers themselves. The input amplifier 
-t is operated at a gain ot unity and the drift referred to the input 
adds directly to the measured voltage. The second ·amplifier is 
operated with gains of about five and the effective drift is then 
five times the drift referred to the input of t~fl~lifier. The 
. third amplifier operates at higher signal levels and the effect of 
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' ' 
drift in this amplifier . on the system is divided · by the gain of 
the second amplifier. The first two amplifiers, then, are the most 
important. The total drift observed in the first amplifier in its 
environment was on the order of 50 microvolts per day. The second 
and third amplifier will dri£t no more than 10 microvolts, total, 
per day. The total drift referred to the input signal was 60 
microvolts per day. Compared _to a signal of 10· millivolts, this 
amounts to .. 0.6%. The short term stability of the amplifiers is ,:, 
better than this and by rechecking the "zero" every hour 0.1% 
total system accuracy can easily be obtained. Errors due to the 
finite open-loop gain are very small and are roughly given by the 
closed-loop gain divided by open-loop gain.t Open-loop gain of the 
input amplifier is 5 x 1 o4 resulting in an error of • 002%. The 
gain of the second amplifier is 106 with an error of .0005% with 
a gain of five. 
The only item not discussed in detail is location of the 
decimal point. There are a number of ways to do this. What is 
needed is a signal from the constant-current supply for each 
, 
current range. This signal mist be obtained without degrading the 
isolation between the current supply and ground. Initially it was· 
planned to have a series of £ive neon bulbs wired to a deck of the 
current selector switch. One bulb would light for each current 
position.=- Photo cells could sense the current range with an air 
gap insi~Jating the two systems. Later, it was decided to simply add 
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~ * another swi toh to the · current supply and couple it to the main · 
switch with a teflon rod. The insulation afforded by this 
approach is Iil.Ore than adequate and it is much easier than the 
neon bulb method. 
,) 
When the current is at 10 ma, the output voltage in volts 
is the same m1merically as the resistivity in ohms-centimeter. 
On the 100 ma current range, the dec·imal must be moved to the 
left one place, on the 1 ma range to the right one place and so 
, 
on, to obtain a direct reading in ohms-centimeter. 
The digital voltmeter has three integrating times and five 
voltage ranges. As either of these are changed, the decimal po~nt 
on the voltmeter shifts as necessary. There are three pieces 
of information needed for determination or the decimal point: 
the current range, the voltage· range, and the integration time·. 
If ·the wires to each decimal in the voltmeter are removed from the 
decimal lights and brought to the outside, the integration time and 
voltage range information is availabl' together. If these lines 
are brought to a switch ganged to the current selection switch 
as shown in Figure 9, decimal point location is automa. tic. 
Although this requires modification of the voltmeter, the changes 
~-
~! 
.: 
are easy to make an~;the voltmeter readout reads in ohms-centimeter. 
These changes were .:i~~·::the process of being completed at the time of 
•-• • r 
·1· 
this writi~g. 
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